Human parainfluenza virus type 3 (HPIV3), a paramyxovirus, is second only to respiratory syncytial virus in causing severe respiratory tract infections in children and young adults (6) . The single-stranded RNA genome of HPIV3, 15,461 nucleotides (nt) long, is contained within a helical nucleocapsid (15) . Three virus-encoded proteins, the nucleocapsid protein N (68 kDa), the phosphoprotein P (90 kDa), and the RNA polymerase L (257 kDa), are associated with the nucleocapsid to form a transcribing ribonucleoprotein (RNP) complex (1, 15) . The N protein enwraps the genome RNA, while the L and P proteins together constitute the RNA-dependent RNA polymerase complex that transcribes and replicates the N-bound genome RNA. During transcription, the RNA polymerase synthesizes a short leader RNA, followed by six capped and polyadenylated mRNAs. During replication, on the other hand, a full-length plus-strand copy of the genome RNA is synthesized which, in turn, serves as the template for synthesis of the minus-strand genome RNA (1, 6, 15) . Studies from our laboratory, as well as others, indicate that cellular cytoskeletal proteins such as actin and tubulin are involved in the activation of transcription of several paramyxoviruses (4, 9, 12, 22, 34, 35) . Similarly, cellular RNA binding proteins that interact with the viral cis-acting elements are believed to be involved in the regulation of transcription and replication (25, 26, 28) .
The minus-sense genomic 3Ј end and its complementary leader sequence are the key cis-acting RNA elements that regulate viral transcription and replication. The 3Ј end of the genome RNA serves as the site for interaction of the RNA polymerase to initiate RNA synthesis. The leader sequence at the 5Ј end of the nascent plus-strand RNA, on the other hand, is involved in the initiation of encapsidation by the N protein during replication. Thus, the N protein, which remains complexed with the P protein, is the viral trans-acting component that modulates the balance between transcription and replication. However, some studies indicate that in addition to N protein, some cellular protein(s) may play a role in modulating the switch from transcription to replication (14) . In fact, comparison of the nucleotide sequences of different paramyxovirus 5Ј-and 3Ј-terminal RNA sequences identified highly conserved regions which may form the cognate site for binding of cellular proteins (50) . In the case of HPIV3, we recently reported that cellular glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and La protein interact with the viral cis-regulatory RNAs (11) . Further analysis revealed that these cellular proteins are also packaged within the progeny virions, suggesting a role(s) for these cellular proteins in HPIV3 transcription and replication.
GAPDH (37 kDa), a thoroughly studied key enzyme of the glycolytic pathway, is responsible for the oxidative phosphorylation of glyceraldehyde 3-phosphate by NAD ϩ and inorganic phosphate. Evidence is emerging that GAPDH is also involved in various other cellular functions, such as DNA binding (39, 52) , tRNA export (45) , uracil DNA glycosylase activity (3, 32) , and association with polyribosomes (42) . Furthermore, an RNA-unwinding property has been identified in GAPDH which is believed to facilitate translation of mRNAs in the polyribosomes (23) . In accord with these varied activities, GAPDH is distributed both in the cytosol and in the nucleus and has been shown to exist in multiple molecular forms (33) . Moreover, certain isoforms of GAPDH have been shown to be involved in specific functions (17, 33) . Recently, GAPDH has been shown to interact with the cis-acting RNAs of several viruses, including HPIV3 (11), hepatitis A virus (43), hepatitis B virus (54) , rabies virus (A. K. Gupta et al., unpublished data), and measles virus (B. P. De et al., unpublished data) . These findings suggest that GAPDH, besides being involved in normal cellular function, may also play a role in the regulation of gene expression of several viruses.
The La protein (50 kDa) is an essential factor in RNA polymerase III transcription (18, 29) and has been shown to be involved in normal cellular functions, as well as in some pathological conditions, such as systemic lupus erythematosus and Sjögren's syndrome (48) . In normal cell function, it is required for efficient termination of RNA polymerase III-mediated transcripts and thereby facilitates the reinitiation of RNA chains (13, 29) . Specific phosphorylation of La protein by casein kinase II (CKII) at Ser366 has been shown to regulate this process (13) . Recent studies indicate that the La protein exists in multiple molecular forms (30) and thus may be involved in diverse activities, as reported for GAPDH (17, 30, 33, 37, 41) . Similar to GAPDH, the La protein also interacts with cisacting RNAs of several viruses, including HPIV3 (11), vesicular stomatitis virus (26, 53) , rabies virus (25) , Sindbis virus (38) , poliovirus (31) , and human immunodeficiency virus (5) . Although the La protein's role in the virus life cycle remains largely unclear, its interaction with poliovirus RNA has been shown to relieve structural constraint during translation.
To gain further insight into the molecular mechanism of GAPDH and La protein interaction with HPIV3 and their role in the virus life cycle, we have analyzed these virion-associated proteins by two-dimensional gel electrophoresis and immunoblotting. Here we demonstrate that specific phosphorylated forms of GAPDH interact with the viral genomic cis-acting RNA and remain packaged within the virions. Moreover, purified GAPDH containing the phosphorylated isoforms inhibited HPIV3 mRNA synthesis by purified viral RNP in vitro. These data indicate that specific phosphorylated forms of GAPDH play a role in the regulation of virus gene expression.
MATERIALS AND METHODS
Cells and viruses. CV-1 cells (ATCC CCL 185) were propagated in monolayers as described previously (8) . HPIV3 (HA-1; NIH 47885) was grown in CV-1 cells and purified as described previously (8) .
HPIV3 transcription in vitro. HPIV3 transcription was carried out by using purified viral RNP extracted from purified virions and further purified as described previously (8) . Briefly, the purified virions (2 mg at 500 g/ml) were disrupted in 10 mM Tris-HCl (pH 8.0) containing 5% glycerol, 0.4 M NaCl, 1.85% Triton X-100, and 0.6 mM (final concentration) dithiothreitol (DTT) at room temperature for 10 min. The lysate was centrifuged through 30% (vol/vol) glycerol (1.5 ml) in 20 mM HEPES-KOH (pH 7.5) and 1 mM DTT onto a 100% glycerol cushion (0.5 ml) using an SW 50.1 rotor at 40,000 rpm for 2 h. The purified RNP was collected from the top of the 100% glycerol cushion and used in the transcription reaction. The transcription reaction mixture, in a 50-l final volume, contained 100 mM HEPES (pH 8.0); 100 mM KCl; 5 mM MgCl 2 ; 1 mM DTT; 1 mM each ATP, GTP, CTP, and UTP; 25 U of human placental RNase inhibitor; 2 g of RNP; and partially purified actin. Incubation was carried out at 30°C for 3 h. The in vitro-synthesized RNAs were purified by phenol extraction and ethanol precipitation and analyzed by primer extension using an N mRNAspecific primer that produces a 91-nt-long primer extension DNA product. The extended DNA was analyzed by 5% polyacrylamide-urea gel electrophoresis, followed by autoradiography.
Plasmid construction and T7 RNA polymerase transcription. Construction of two plasmids containing the 73-nt 3Ј genomic-sense (3Ј-GS) and leader sense (LS) RNAs, respectively, under control of the T7 promoter was described earlier (11) . Radiolabeled RNAs were synthesized using these plasmid DNAs after linearization with HgaI in an in vitro transcription reaction mixture containing 500 M each ATP, GTP, and CTP; 25 M UTP; 50 Ci of [␣- 32 P]UTP; and 20 U of T7 RNA polymerase in a 50-l volume in accordance with the manufacturer's (Boehringer Mannheim) protocol. The 73-nt-long transcript would contain 55-nt from the leader region and 18 nt from the N gene. In vitro-synthesized RNAs were analyzed in a 10% polyacrylamide-urea gel, and the radiolabeled RNAs were excised. The RNAs were then eluted in a buffer containing 0.5 M ammonium acetate, 1 mM EDTA, and 0.1% sodium dodecyl sulfate (SDS), and purified by phenol extraction and ethanol precipitation.
Cell labeling and in vitro phosphorylation of proteins. CV-1 cells were grown in monolayers in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum. The cells were grown overnight in phosphate-free medium containing dialyzed serum before addition of [ 32 P]orthophosphate. Cells were infected with HPIV3 at a multiplicity of infection of 5 and labeled at 5 h postinfection with [ 32 P]orthophosphate. The medium containing the progeny virions was collected at 40 h postinfection and centrifuged at 1,500 ϫ g to remove cell debris. The virions were pelleted from the supernatant by further centrifugation at 100,000 ϫ g for 2 h. For two-dimensional protein gel electrophoresis, the viral pellet was directly dissolved in two-dimensional gel electrophoresis sample buffer and analyzed.
In vitro phosphorylation of GAPDH and La protein was performed using rat brain protein kinase (PKC) and recombinant CKII as described previously (2, 10) .
Gel mobility shift assay. Binding of 32 P-labeled 3Ј-GS and LS RNAs to the cellular proteins was performed by following the procedure described previously (11) . The reaction mixture (20 l) contained 15 mM HEPES-KOH (pH 8.0), 15 mM KCl, 0.25 mM EDTA 0.25 mM DTT, 5 mM MgCl 2 , 1 mM phenylmethylsulfonyl fluoride, 200 g of yeast tRNA per ml, 10% glycerol, 0.1 ng of radiolabeled RNA, and (unless otherwise indicated) 0.5 g of purified cellular proteins or 50 ng of commercially available rabbit muscle GAPDH. The reaction mixture was incubated at room temperature for 30 min, and the samples were analyzed in a 6% nondenaturing polyacrylamide gel in 0.5ϫ Tris-borate-EDTA buffer. The gel was run at 150 V and room temperature and then dried and subjected to autoradiography.
Two-dimensional protein gel electrophoresis. CV-1 cells uninfected or infected with HPIV3 were lysed directly in the two-dimensional gel electrophoresis sample buffer (36) . First-dimensional gel electrophoresis was performed using the method described by Harrington et al. (21), with slight modifications. Isoelectrophoresis was performed in a 20-cm-long glass tube for 10 kV-h with a separation pH gradient of 6.8 to 8.5. Second-dimensional electrophoresis was performed using the procedure described by Harrington et al. (21) . Proteins were transferred onto nitrocellulose membrane for Western blot analysis (51) . The proteins on the membrane were detected using specific antibodies, followed by ECL (Amersham).
32 P-labeled samples were exposed to X-ray films after Western blot analysis where indicated.
Purification of cellular and recombinant GAPDH. Soluble cytoplasmic GAPDH was purified from A549 cells by following a previously published procedure with modifications (11). Cells (10 8 ) were harvested in phosphate-buffered saline and pelleted by centrifugation at 1,000 ϫ g for 10 min. The cell pellet was suspended in 2 ml of hypotonic buffer containing 10 mM Tris-HCl (pH 8.0), 10 mM NaCl, and 1 mM DTT. The cells were then lyzed by four cycles of freezing and thawing, and the lysate was clarified by centrifugation at 10,000 ϫ g for 10 min. The clarified supernatant was dialyzed overnight against buffer A (50 mM HEPES-KOH [pH 7.5], 5 mM MgCl 2 , 10 mM KCl, 3% glycerol, 1 mM DTT). The dialyzed extract was loaded onto a phosphocellulose column (1-ml bed volume) equilibrated with buffer A. The column was washed with 4 column volumes of buffer A, and the bound proteins were eluted with a 0 to 1 M NaCl (5-ml total volume) linear gradient in buffer A. Aliquots of individual fractions were analyzed by Western blotting using anti-GAPDH antibody. These fractions were also analyzed by using anti-actin antibody in the Western blot.
Recombinant flag-tagged GAPDH was expressed using the recombinant VTF7-3 vaccinia virus expression system. Briefly, full-length rat GAPDH cDNA was spliced into vector plasmid pGEM4 under control of the T7 promoter at the BamHI-KpnI site. The plasmid DNA was further engineered such that the C terminus of the expressed protein would contain 8-amino-acid flag (DYKDDDDK). The resulting plasmid DNA was transfected into HeLa cells in a six-well plate that were infected with VTF7-3 using Lipofectin reagent following the manufacturer's (Boehringer Mannheim) protocol. A 12 h postinfection or posttransfection, the cells were labeled with [ 35 S]methionine (20 Ci/ml) in methionine-free medium for 6 h. Cytoplasmic proteins were extracted using luciferase assay kit cell lysis buffer and following the manufacturer's (Boehringer Mannheim) protocol. The radiolabeled, flag-tagged GAPDH in the extract was purified by immunoprecipitation using anti-flag antibody M2 conjugated to Sepharose beads in accordance with the manufacturer's (Sigma) protocol. Immunoprecipitated proteins in the beads were estimated, analyzed by SDS-polyacrylamide gel electrophoresis, and directly used for HPIV3 transcription in vitro.
RESULTS

Packaging of multiple molecular forms of GAPDH and La protein within HPIV3 virions.
We previously demonstrated that cellular GAPDH and La protein specifically interact with the HPIV3 cis-acting RNAs and also remain packaged within the progeny virions (11) . Cellular GAPDH and La protein have been shown to undergo posttranslational modifications generating multiple molecular forms which are involved in various cellular functions (17, 30, 33, 37, 41) . In light of these observations, we investigated the involvement of such molecular forms of GAPDH and La protein in the interaction with HPIV3. Virion-associated GAPDH and La protein were analyzed using two-dimensional gel electrophoresis, followed by immunoblotting. As shown in Fig. 1A , three distinct isoforms of GAPDH (two major and one minor) that migrated in the pI range of 7.6 to 8.3 were present within the virions. To determine whether these isoforms were also present in the cellular pool, we similarly analyzed the GAPDH present in the CV-1 cell extract. Surprisingly, in the total cellular pool, GAPDH was identified predominantly as a single species (pI of about 8.4) that was different from the species packaged within the virions. Further analysis by cell fractionation showed that in the soluble cytosolic fraction there are minor species that are similar to the virion-associated GAPDH isoforms (data not shown). These species were subsequently purified from the cytosolic fraction by successive chromatography using DEAEcellulose and phosphocellulose columns and confirmed to be similar to those present within the virions with respect to pI (Fig. 1B) . The particulate fraction, on the other hand, contained the major isoform (Ͼ90%), similar to that seen in Fig. 1A . These results indicate that the soluble isoforms of GAPDH in the pI range of 7.6 to 8.3 are selectively packaged within the virions, possibly due to their strong interaction with the viral genomic cis-regulatory RNA.
As shown in Fig. 1C , analysis of virion-associated La protein revealed the presence of five distinct molecular forms which were acidic in nature and migrated in the pI range of 6.8 to 7.5. All five isoforms were also detected in the total cellular pool in the same relative amounts as within the virion. These data suggest that all five isoforms of La protein might interact with the cis-regulatory RNA with similar affinity and possibly play some role in the virus's life cycle. We consequently focused primarily on characterization of the specific molecular forms of GAPDH present within the virions.
The virion-associated GAPDH isoforms are highly phosphorylated. Packaging of specific molecular forms of GAPDH within the HPIV3 virions suggested that a subpopulation of GAPDH is possibly modified e.g., by phosphorylation, and thus interacted with the virions (24, 41) . To examine the phosphorylation status of GAPDH isoforms present in the virions, CV-1 cells were infected with HPIV3 at a multiplicity of infection of 5 and labeled at 5 h postinfection with [
32 P]orthophosphate. At 40 h postinfection, released virions were harvested from the medium and subjected to two-dimensional polyacrylamide gel electrophoresis. The proteins were detected by Western blotting, followed by autoradiography, and 32 Plabeled spots were superimposed on the specific spots observed by Western blotting. Similar to that shown in Fig. 1A , two major isoforms were detected by Western blot analysis ( Fig.  2A ) whereas five 32 P-labeled species were identified. Superimposition of these spots showed that the major isoform (spot 1) was not labeled with 32 P. However, the same spot was detected by Western blotting when we used antiphosphoserine and antiphosphothreonine antibodies (data not shown), suggesting that this isoform was packaged from the preexisting prephosphorylated pool of cytosolic GAPDH. In contrast, the highly acidic isoforms, spots 2, 3, and several others remained undetected by FIG. 1. Molecular forms of GAPDH and La within HPIV3 virions and in CV-1 cells. HPIV3 virion-associated GAPDH and La protein were subjected to two-dimensional gel electrophoresis, followed by Western blot analysis using anti-GAPDH and anti-La antibodies. Similarly, the GAPDH and La protein present in CV-1 cell extract were analyzed. Migration patterns in isoelectric focusing gels are shown. The CV-1 cell cytosolic GAPDH was purified by chromatography on DEAE-cellulose and phosphocellulose columns and analyzed by two-dimensional gel electrophoresis. Panels: A, GAPDH present in the virions and CV-1 cell extract; B, GAPDH purified from the CV-1 cell cytosolic fraction; C, La protein present in virions and CV-1 cell extract.
FIG. 2. Phosphorylation status of virion-associated GAPDH and La. HPIV3 virions harvested from
32 P-labeled CV-1 cells as described in Materials and Methods were analyzed by two-dimensional gel electrophoresis. GAPDH and La protein were detected by Western blot analysis using anti-GAPDH and anti-La antibodies. The blot was then exposed to X-ray film to detect 32 P-labeled spots. Arrows indicate that these spots were detected by both Western blotting and 32 P labeling. The basic isoform (spot 1) is not phosphorylated, whereas the minor species that were not detected in the Western blot were heavily phosphorylated. Panels: A, analysis of GAPDH by immunoblotting and autoradiography; B, analysis of La by immunoblotting and autoradiography.
Western blotting due to their presence in small amounts but were clearly detected in the 32 P autoradiogram because of the high level of phosphorylation of these species. These results suggest that specific phosphorylated isoforms of GAPDH are packaged within the virions.
The virion-associated La protein, on the other hand, was detected in the Western blot in multiple molecular forms but was undetectable in the 32 P autoradiogram (Fig. 2B ). This indicated that the La protein is packaged within the virions in the unphosphorylated forms. This was also confirmed by the findings that virion-associated La isoforms were not detected by antiphosphoserine and antiphosphothreonine antibodies (data not shown). The microheterogeneity of the La protein present within the virions could therefore be due to some modifications other than phosphorylation.
Involvement of PKC in the phosphorylation of GAPDH. Next, we investigated whether GAPDH and the La protein were phosphorylated in vitro and phosphorylation had similar effects on the migration of these proteins, as analyzed by twodimensional polyacrylamide gel electrophoresis. We used commercially available purified rabbit muscle GAPDH and bacterially expressed human La protein. Phosphorylation of these proteins in vitro was performed using rat brain PKC and recombinant CKII. As shown in Fig. 3 , GAPDH was specifically phosphorylated by PKC but not by CKII. The La protein, on the other hand, was phosphorylated by both PKC and CKII. The phosphorylated GAPDH and La protein and their unphosphorylated counterparts were then analyzed by twodimensional polyacrylamide gel electrophoresis. As shown in Fig. 4A , unphosphorylated rabbit muscle GAPDH, unlike CV-1 cell GAPDH (Fig. 1) , was resolved into five distinct species. Such cell type-specific differences in GAPDH have previously been shown (17, 33, 49) . Nonetheless, phosphorylation of GAPDH in vitro resulted in the migration of these species toward a more acidic pI, similar to the migration pattern of virion-associated phosphorylated GAPDH isoforms ( Fig. 2A) . Thus, it seems that the observed migration of virionassociated GAPDH following phosphorylation ( Fig. 2A) toward an acidic region was indeed due to the increased degree of phosphorylation. The La protein isoforms, unlike GAPDH, displayed a minor shift in their migration pattern toward the acidic region following phosphorylation, indicating that phosphorylation also contributes, to some extent, to the microheterogeneity of La protein. Since multiple unphosphorylated forms of La protein are found within the virions (Fig. 2B ), it appears that differently modified forms of La protein are selectively packaged by HPIV3 virions.
Phosphorylation-mediated regulation of the interaction of GAPDH with viral cis-acting RNAs. Our previous studies indicated that purified cellular cytosolic GAPDH binds to 3Ј-GS RNA with about threefold higher affinity than to LS RNA (11) . This raised the possibility that the isoforms that bind to the 3Ј-GS RNA with higher affinity perhaps represent the phosphorylated forms of GAPDH, as seen within the virions. To investigate this, we phosphorylated commercially available rabbit muscle GAPDH in vitro with PKC and studied its interaction with 3Ј-GS and LS RNAs by gel mobility shift assay. As shown in Fig. 5 , phosphorylation of GAPDH with increasing concentrations of PKC showed progressively increased binding of GAPDH to the 3Ј-GS RNA. By contrast, phosphorylation resulted in a dramatic decrease in binding of GAPDH to the LS RNA, indicating a phosphorylation-mediated switch of the binding property of GAPDH. To further investigate the role of phosphorylation in binding of GAPDH to 3Ј-GS and LS RNAs, we used GAPDH purified from the CV-1 cell cytosolic fraction (11) . Purified GAPDH was subjected to phosphorylation in vitro using PKC and [␥-
32 P]ATP. However, the purified cytosolic GAPDH could not be phosphorylated in vitro, suggesting that it is present in fully phosphorylated form (data not shown). This was confirmed when purified cytosolic GAPDH was analyzed by two-dimensional gel electrophoresis and immunoblotting with anti-GAPDH, as well as antiphosphoserine and antiphosphothreonine, antibodies. As shown in Fig. 6A , the molecular species of purified cellular GAPDH (pI range of 7.6 to 8.3) that reacted with anti-GAPDH antibody (Fig. 1B) were also recognized by antiphosphoserine and antiphosphothreonine antibodies. This indicated that the cellular GAPDH is phosphorylated at Ser/Thr residues, presumably by PKC. The cellular cytosolic GAPDH was then analyzed by Western blotting after dephosphorylation using calf intestinal alkaline phosphatase. As shown in Fig. 6B , the cytosolic GAPDH did   FIG. 3 . In vitro phosphorylation of rabbit muscle GAPDH and bacterially expressed La. Rabbit muscle GAPDH and bacterially expressed La protein were phosphorylated using [␥-
32 P]ATP and commercially available PKC and CKII. Phosphorylated proteins were resolved by SDS-10% polyacrylamide gel electrophoresis, dried, and exposed to X-ray film. The migration positions of GAPDH and La protein are indicated by the arrows .   FIG. 4 . Migration patterns of in vitro-phosphorylated GAPDH and La protein in two-dimensional gel electrophoresis. Rabbit muscle GAPDH and bacterially expressed La protein were phosphorylated in vitro with PKC and CKII, respectively, and analyzed by two-dimensional gel electeophoresis. The proteins were detected by Western blotting using anti-GAPDH and anti-La antibodies, followed by autoradiography, for the detection of 32 P-labeled proteins. The arrows indicate that these same spots were detected by Western blotting, as well as autoradiography. Several 32 P-labeled spots were not visible in the Western blot. The two very basic spots detected in the Western blot are not labeled with 32 P.
not react with either phosphoserine-or phosphothreonine-specific antibody following dephosphorylation. Some reactivity of antiphosphoserine and antiphosphothreonine antibodies with the band most likely represents a small amount of GAPDH that was not completely dephosphorylated by the phosphatase. The unphosphorylated state of rabbit muscle GAPDH was confirmed by its inability to react with the antibodies. However, it efficiently reacted following phosphorylation by PKC.
Having confirmed the phosphorylated state of cytosolic GAPDH, we treated the GAPDH with increasing concentrations of calf intestinal alkaline phosphatase and analyzed its binding to the 3Ј-GS and LS RNAs in vitro. As shown in Fig. 7 , dephosphorylation of GAPDH resulted in increased binding to the LS RNA with a concomitant decrease in binding to the 3Ј-GS RNA. These results confirm that phosphorylation of GAPDH regulates its interaction with the viral cis-acting RNAs in vitro. The role of phosphorylation in the interaction of La protein with viral cis-acting RNAs was similarly investigated. Bacterially expressed La protein was used for binding to LS and 3Ј-GS RNAs in gel mobility shift assays following phosphorylation by CKII in vitro. As shown in Fig. 8 , La protein specifically bound to the LS RNA and CKII-mediated phosphorylation had no effect on the binding. These data indicate that the specific interaction of La protein with LS RNA, unlike that of GAPDH, does not depend upon the phosphorylation state of the protein.
Inhibition of HPIV3 transcription in vitro by purified GAPDH. Specific interaction of GAPDH isoforms with viral
cis-acting RNAs and packaging within the progeny virions suggest a role for GAPDH in the regulation of viral transcription and replication. To investigate this, we partially purified CV-1 cell cytoplasmic phosphorylated GAPDH. As shown in Fig. 9A and B, the cytoplasmic GAPDH was separated from actin in the phosphocellulose column in which GAPDH was eluted in the bound fraction whereas actin was eluted in the unbound fraction of the column. The actin, purified free of GAPDH, was used to activate transcription by purified viral RNP for mRNA synthesis in vitro. The partially purified GAPDH was then examined for its effect on viral mRNA synthesis in vitro. As shown in Fig. 9C , increasing amounts of GAPDH inhibited viral transcription efficiently in a dose-dependent manner, as determined by primer extension analysis. The commercial unphosphorylated form of GAPDH, on the other hand, had no
FIG. 5. Effect of phosphorylation on the binding of GAPDH to cis-acting
RNAs. Rabbit muscle GAPDH was phosphorylated in vitro using unlabeled ATP and increasing amounts of commercially available PKC (0.08 mU/l). About 100 ng of GAPDH was used in a gel mobility shift assay with in vitrotranscribed [
32 P]UTP-labeled cis-acting RNAs (3Ј-GS and LS RNAs), as indicated. PKC alone was used as a gel shift control.
FIG. 6. Analysis of GAPDH using antiphosphoserine (Anti-phos.ser.) and antiphosphothreonine (Anti-phos.thr.) antibodies. Commercial (Comm.) and purified cellular soluble (Sol.) GAPDH were subjected to two-dimensional gel electrophoresis or SDS-10% polyacrylamide gel electrophoresis, followed by Western blot using anti-GAPDH and antiphosphoserine or antiphosphothreonine antibodies. The proteins were either phosphorylated by PKC or dephosphorylated by calf intestinal alkaline phosphatase (CIP), as indicated, before gel electrophoresis. Panels: A, GAPDH analyzed by two-dimensional gel electrophoresis; B, GAPDH analyzed by SDS-10% polyacrylamide gel electrophoresis.
FIG. 7. Effect of dephosphorylation on the binding of cytoplasmic GAPDH
to cis-acting RNAs. GAPDH was purified from the soluble fraction (S100) of CV-1 cells by column chromatography as described in Materials and Methods. Purified GAPDH (30 ng) was treated with increasing amounts of phosphatase and then used in gel shift assays with 32 P-labeled 3Ј-GS and LS RNAs. Mocktreated GAPDH served as a control. Phosphatase alone did not bind to either of the probes (data not shown). Treatment of GAPDH with increasing amounts (0.1 and 1.0 U) of calf intestinal alkaline phosphatase (CIP; Boehringer Mannheim) and binding of the phosphatase-treated GAPDH to 3Ј-GS and LS RNAs are shown. effect on transcription but gained significant inhibitory activity following phosphorylation by PKC in vitro (data not shown). To further confirm the inhibitory role of the phosphorylated form of GAPDH in viral transcription, we used recombinant GAPDH. The GAPDH was expressed in the recombinant vaccinia virus expression system, and the plasmid DNA was engineered such that the expressed recombinant GAPDH would be flag tagged at the C terminus. The protein was metabolically labeled with [ 35 S]methionine as well as [ 32 P]orthophosphate. The radiolabeled, flag-tagged recombinant GAPDH was purified by immunoprecipitation with anti-flag antibody conjugated to Sepharose beads. As shown in Fig. 10A , the flagtagged recombinant GAPDH was highly purified and was present in the phosphorylated form. The beads containing immunoprecipitated GAPDH were then directly used in the transcription reaction. Mock-treated cell extract was similarly used for immunoprecipitation with antiflag antibody-conjugated Sepharose beads and used as a control. As shown in Fig. 10B , purified, flag-tagged recombinant GAPDH, like cellular cytoplasmic GAPDH, strongly inhibited viral transcription in vitro. Together, these data indicate that phosphorylated forms of GAPDH associate with viral RNP to inhibit mRNA synthesis by the viral RNA polymerase.
DISCUSSION
Cellular proteins have been shown to interact with the cisacting RNAs of several RNA viruses and are believed to play a role in the regulation of viral transcription and replication (7, 27, 46) . We previously reported that cellular GAPDH and La protein interact with the HPIV3 cis-acting RNAs in vitro and, more importantly, that these proteins remain packaged within the progeny virions (11) . In this study, we demonstrated by two-dimensional gel electrophoresis that the virion-associated GAPDH exists in several isoforms that are heavily phosphorylated. Consistent with these findings, we observed that cellular cytosolic GAPDH also exists in various phosphorylated forms which appear to be selectively packaged by the virions. By phosphorylation and dephosphorylation of cytosolic GAPDH, we demonstrated that phosphorylation plays a regulatory role in the interaction of GAPDH with the viral cis-acting RNAs ( Fig. 2A, 5, and 6) . The La protein, on the other hand, was present within the virions in unphosphorylated form (Fig. 2B) , 9 . Inhibition of HPIV3 transcription in vitro by GAPDH. Cellular GAPDH was purified from HeLa cells as described in Materials and Methods. Fractions (numbered in panels A and B) were analyzed for GAPDH and actin by Western blotting. U, the unbound fraction. Actin was eluted in the unbound fraction (A), and the protein concentration was estimated to be 1 mg/ml. The GAPDH was eluted from the column in 20 to 30 fractions (B). These GAPDH fractions were pooled, and the protein concentration was estimated to be 0.4 mg/ml. In vitro transcription (C) was carried out as described in Materials and Methods in a transcription reaction mixture containing purified RNP (1 g) and partially purified actin (5 g). Increasing amounts of GAPDH (the values above the lanes are volumes in microliters) was added to the transcription reaction mixture. Viral transcription was measured by primer extension analysis as described in Materials and Methods. The migration position of the 90-nt primer extension product, as confirmed by using a sequencing ladder, is indicated. and phosphorylation had no effect on its interaction with the cis-acting RNAs (data not shown). In vitro phosphorylation studies indicate that GAPDH is phosphorylated specifically by PKC, whereas La protein is phosphorylated by both PKC and CKII. Thus, it seems that phosphorylated forms of GAPDH specifically interact with the viral genomic cis-acting RNA (3Ј-GS RNA) and thereby remain packaged within the progeny virions. Moreover, purified GAPDH containing the phosphorylated isoforms inhibited viral transcription in vitro. These data suggest that phosphorylated forms of GAPDH may play a role in the virus's life cycle.
Identification of multiple molecular forms of GAPDH is consistent with the multifunctional nature of the protein. Different molecular forms are believed to be involved in specific biological activities, including DNA replication, DNA repair, translational control of gene expression, and apoptosis (46) . The microheterogeneity appears to arise from the variation in the GAPDH primary sequence, as well as posttranslational modification of the protein (17, 30, 33, 37, 40, 41) . Although only one gene coding for GAPDH is functional in humans, there are 10 to 30 copies of pseudogenes which are expressed, depending on the types of tissues or state of differentiation (40) . Similarly, posttranslational modification of GAPDH, such as phosphorylation, covalent linkage with NAD ϩ , ADPribosylation, and S-thiolation, have been reported (30, 37, 41, 49) . However, a specific function of these molecular forms has not yet been demonstrated. In this regard, interaction of phosphorylated forms of GAPDH with HPIV3 cis-acting RNAs is the first demonstration of involvement of a specific molecular form of GAPDH in the virus life cycle. Furthermore, distribution of phosphorylated forms of GAPDH in the cytosolic fraction indicates that HPIV3 selectively packages phosphorylated GAPDH from the cytosolic pool. These molecular forms are further phosphorylated within the virions, possibly by a virionassociated protein kinase. Since HPIV3 packages PKC, it is conceivable that PKC hyperphosphorylates GAPDH within the virions. This notion is supported by the findings that PKC is able to phosphorylate GAPDH in vitro (data not shown). The degree of phosphorylation of GAPDH (hypo-or hyperphosphorylation) thus plays a regulatory role in the association of GAPDH with the HPIV3 virions.
Our data demonstrate for the first time that cellular GAPDH which binds to the HPIV3 cis-acting RNA is directly involved in the inhibition of viral transcription. Since HPIV3 utilizes cellular actin for its transcription activation, it appears that both positive and negative transcription factors are involved in the regulation of viral gene expression. This is similar to the findings obtained with Sendai virus, where tubulin was shown to act as a positive transcription factor and another protein, as yet uncharacterized, was shown to act as a negative factor (47) . This raises the question of whether interaction of these cellular factors with viral RNP is temporally regulated in infected cells. Our findings indicate that actin interacts with HPIV3 RNP during the early stage of infection, which is consistent with its role in transcription activation (19) . The GAPDH, on the other hand, associates with HPIV3 RNP in infected cells during the late stage of the virus replicative cycle, i.e., 24 h postinfection (11) . Furthermore, our data indicate that specific phosphorylated forms of GAPDH bind to the 3Ј-GS RNA and remain packaged within the virion. Thus, it remains to be seen whether phosphorylation of GAPDH is induced in the late stage of the virus replicative cycle. However, our attempts to detect such phosphorylation in infected cells by metabolic labeling with [ 32 P]orthophosphate, followed by immunoprecipitation, failed, perhaps due to interference by a large excess of unphosphorylated GAPDH species at any given time of labeling and immunoprecipitation (data not shown). Regarding physiological significance of the interaction of GAPDH with HPIV3, it is tempting to speculate that the GAPDH-mediated transcription shutoff plays a role in the switch from transcription to replication or is involved in the assembly and budding of virions. In the former case, interaction of GAPDH may favor virus replication in the presence of soluble N protein, although detection of GAPDH in the RNP only at a very late stage of infection, i.e., 24 h postinfection (11), argues against this. However, the possibility remains that a small amount of a highly phosphorylated form, undetected by Western blotting, associates at an early stage of virus replication to mediate this process. This notion is supported by the findings that cellular cytosolic GAPDH and recombinant flagtagged GAPDH both contain phosphorylated isoforms and strongly inhibit viral transcription. However, we have not been able to establish that the phosphorylated isoforms are the only species that inhibit transcription, because these isoforms could not be purified to homogeneity in sufficient quantity free from the bulk of unphosphorylated GAPDH for use in the transcription reaction. It is noteworthy that a minor subpopulation of GAPDH has been shown to function as an activator of cellular transcription in neuronal cells (33) . The GAPDH-mediated inhibition of viral transcription may, alternatively, be involved in virus assembly and budding. In that case, HPIV3 may utilize cellular GAPDH for complete shutoff of viral RNA synthesis during maturation and budding. Given that nonsegmented negative-strand RNA virus M protein is similarly involved in transcription shutoff during budding (16) , it remains to be seen whether GAPDH aids in this process. Further studies are therefore needed to investigate these possibilities.
With regard to the La protein, it was also detected in multiple molecular forms within HPIV3 virions. However, unlike that of GAPDH, phosphorylation was found to play no role in the microheterogeneity of virion-associated La protein. This suggests that different modifications of La protein are involved in the regulation of its function in the virus's life cycle. Specific binding of La protein to the LS RNA (11) suggests that the La protein is involved, like RNA polymerase III transcription, in the termination of leader RNA, which has many features in common with RNA polymerase III transcripts (18, 26, 29) .
Interaction of GAPDH and La protein with the cis-acting regulatory RNAs of viruses of different families suggests that these viruses utilize cellular proteins for the same function, i.e., alteration of the structure of template RNA during gene expression. Besides GAPDH and La protein, other RNA binding proteins, such as heterogeneous nuclear RNP particle U and calreticulin, have also been shown to interact with the RNAs of vesicular stomatitis virus and rubella virus, respectively (20, 44) . Although the function of these cellular proteins in the virus life cycle remains largely unclear, their role in some viral system is emerging (7, 27, 46) . Thus, characterization of specific molecular forms of GAPDH and La protein would certainly help elucidate their functions in the gene expression of HPIV3 and perhaps in other viral systems.
